Objectives: Early resuscitation may improve outcomes in pediatric traumatic brain injury (TBI). We examined the association between timely treatment of hypotension and hypoxia during early care (prehospital or emergency department locations) and discharge outcomes in children with severe TBI.
T raumatic brain injury (TBI) is a leading cause of death and disability and is responsible for more than 630,000 emergency department (ED) visits, 60,000 hospitalizations, and 6000 deaths in the United States annually among children younger than 18 years. 1, 2 Some studies have examined the effect of early hypotension and hypoxia on outcomes in children with TBI [3] [4] [5] [6] [7] [8] and although these studies suggest that early hypotension and hypoxia post-TBI are associated with poor outcomes, the effect of timely intervention has not been sufficiently examined.
In 1993, Pigula et al 3 reported that hypotension with or without hypoxia in the ED is associated with increased mortality in children with severe TBI. Examining Glasgow Outcome Scale (GOS) score at 3-month follow-up and hospital length of stay after initial injury, Kokoska and colleagues 4 later suggested that hypotension occurring during the first 24 hours of hospitalization post injury was associated with worse neurological outcomes and prolonged hospitalization in 72 children with severe TBI. In 2005, Coates et al 8 showed that early (prehospital [PH] period and/or ED) hypotension was a better predictor of poor outcome than hypotension occurring later. In 2008, Samant and colleagues 9 suggested that the first 6 hours after severe pediatric TBI was the period when hypotension was most strongly associated with poor outcomes but like previous studies, did not examine the impact of timely resuscitation on outcomes.
In 2003, the Brain Trauma Foundation (BTF) published guidelines recommending that hypotension and hypoxia should be identified and treated "early" to optimize outcomes in severe pediatric TBI, 10 but what constituted early was not delineated and these recommendations were removed from the 2012 BTF guidelines due to lack of sufficient supportive evidence. 11 In the only study to examine resuscitation during early care (PH or ED), Zebrack and colleagues 12 reported that, after adjusting for injury severity, children with moderate to severe TBI who did not receive an attempt to treat hypotension during early care had a 3.4-fold higher odds of death, and were 3.7 times more likely to experience disability compared with children in whom treatment was attempted with intraosseous or intravenous catheter placement and fluid administration above hourly maintenance rates. Although this study included a mixed moderate and severe TBI severity population, the work was important because it moved past the problem statement (inadequate resuscitation) into addressing treatment (attempted resuscitation) during the early period after TBI. We wanted to extend this work and focus on the association between timely resuscitation during early care and discharge outcomes in severe pediatric TBI, where the prevalence of secondary insults after TBI is known to be particularly detrimental and high. We hypothesized that timely resuscitation during early care would be associated with better discharge outcomes.
METHODS

Study Center Selection and Data Sources
As previously reported, in the parent Pediatric Guideline Adherence and Outcomes (PEGASUS) study, data were collected from 2007 to 2011 that included documented resuscitation data and treatment during early care. 13 Five geographically dispersed pediatric trauma centers (PTCs) affiliated with academic medical centers were recruited based on willingness to participate, a priori ability to contribute data from 30 to 50 children with severe TBI annually, electronic medical records, representation in the Pediatric Neurocritical Care Research Group (http://www.pncrg.org/), PTC publications, regional PTC status, and recognized expertise severe TBI care. Study centers were the University of Washington's Harborview Medical Center, Seattle, WA (lead and data coordinating center); Children's Hospital of Pittsburgh, Pittsburgh, PA; Ann and Robert H. Lurie Children's Hospital of Chicago, Chicago, IL; Harbor-University of California, Los Angeles Medical Center, Torrance, CA; and Nationwide Children's Hospital, Columbus, OH. Human subjects' committee approval was obtained at each site.
Study Population
Eligible participants for PEGASUS study 13 were subjects 0 to 17 year old with severe TBI, defined as having greater than or equal to one International Classification of Diseases, Ninth Revision, discharge diagnosis code: 800.0-801.9, 803.0-804.9, 850.0-854.1, 959.01, 950.1-950.3, and 995.55, consistent with the Centers for Disease Control and Prevention definition. 14 Criteria for severe TBI required the following: a minimum head abbreviated injury severity (AIS) score greater than or equal to 3, post-resuscitation Glasgow Coma Scale (GCS) score less than 9, alive with tracheal intubation in the intensive care unit (ICU) 48 hours or longer from the time of ICU admission, trauma history, and abnormal admission head computed tomography. We included subjects with extracranial injuries and those who were transferred from the scene to an outside hospital before admission to the study center.
Center Training and Reliability Testing
Data abstraction training modules were created and each data abstractor underwent training followed by data abstraction. At each site, data were abstracted from electronic medical records and included data elements from the early period (PH and ED). Data were remotely and securely entered into a Web-based data entry system. A κ of 0.8 was a priori considered adequate between center reliability. Supplementary trainings were conducted for κ values less than 0.8 until the goal was achieved. All centers achieved excellent interrater agreement (κ > 0.8).
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Patient Outcomes
The primary outcome measures were in-hospital mortality and discharge GOS (alive). The GOS ranges from 1 (death) to 5 (baseline status). A dichotomous measure of discharge GOS (alive) was used to categorize "poor" (GOS 2-3; vegetative state-major impairment) versus "favorable" (GOS 4-5; minormoderate impairment-baseline functioning). 18 
Definitions
Early care was defined as the care provided in the PH or ED locations across 5 study centers. Prehospital location includes emergency medical services and index hospital if patient was transferred from scene before admission to the trauma center. We adopted the definitions for hypotension and hypoxia from the 2003 BTF guidelines. 10 "Hypotension was defined as systolic blood pressure (SBP) below the 5th percentile for age which is estimated by SBP < 70 + 2 (age in years) and hypoxia was defined as PaO 2 < 60 mm Hg or oxygen saturation < 90%." Timely treatment was defined as treatment within 30 minutes of a documented episode.
Statistical Analyses
Clinical characteristics and discharge GOS were examined in univariate analyses and categorized by the presence of early hypotension using χ 2 tests for categorical variables and t tests for continuous variables. All analyses were clustered within hospital. Statistical significance was defined as P < 0.05. All multiple regression analyses were adjusted for age, sex, maximum head AIS score, maximum non-head AIS score, and motor GCS at admission. Multivariable modified Poisson regression (Poisson regression with a robust error variance to estimate the relative risk directly) 19, 20 was used to examine the effect of hypotension and hypoxia treatment across the PH and ED locations on mortality and discharge GOS. Data were analyzed using Stata v. 11 21 and SAS 9.3.
RESULTS
Clinical and Outcome Characteristics of Children
With Severe Pediatric TBI Table 1 describes the study cohort. Most children were male, and had extracranial injuries. All 236 children had documented blood oxygen saturation levels and 234/236 children had blood pressure data recorded during early care. 13 
Hemodynamic Resuscitation During Early Care
Twenty six percent (60/234; Table 1 ) had hypotension in PH (21%) and/or ED (13%) locations and 7% of children had hypotension in both PH and ED locations. Of the 60 hypotensive children, 55 (92%) received timely hemodynamic resuscitation treatment with fluids (92%), blood products (28%), or vasopressors (13%). Intravenous fluids were the mainstay of treatment of hypotension during early care, especially in the PH location (Fig. 1) . Intravenous epinephrine was the most common vasopressor used (87.5%).
Timely Hypotension Treatment and Outcomes
In univariate analysis, hypotension during early care was associated with in-hospital mortality (23.3% vs 8.6%; P = 0.01). Table 2 shows that adjusted for age, sex, and markers of injury severity (head AIS score, motor GCS score, and maximum non-head AIS score), timely treatment of hypotension during early care was associated with reduced in-hospital mortality [adjusted relative risk (aRR), 0.46; 95% confidence interval (CI), 0.24-0.90]. Children who did not have hypotension in the PH and/or ED location were 77% less likely to die in-hospital (aRR, 0.23; 95% CI, 0.06-0.87) than children whose hypotension was not treated in a timely manner.
After adjusting for confounders of age, sex, head AIS score, motor GCS score, and maximum non-head AIS score, timely treatment of hypotension during early care was significantly associated Hypotension is defined as SBP < 70 + 2 (age) according to 2003 BTF guidelines. 10 Data expressed as column percent. Two children had blood pressure missing from early care documentation.
with discharge GOS (alive) (aRR, 0.54; 95% CI, 0.39-0.76; Table 2 ). Children who did not have hypotension during early care were 44% less likely to have poor GOS (aRR, 0.56; 95% CI, 0.43-0.73) at discharge than children with hypotension not treated in a timely manner.
Early Hypoxia and Treatment
Seventeen percent of children had hypoxia in PH and/or ED, 15% of children had hypoxia in the PH, and 6% had hypoxia in the ED. All patients received timely treatment with 100% supplemental oxygen during early care.
DISCUSSION
The main findings of our study are that for children with severe TBI who received care at 5 leading regional PTCs: (1) early hypoxia was common but all patients received timely treatment with oxygen, (2) early hypotension was common and was associated with in-hospital mortality, and (3) timely treatment of hypotension during early care was associated with better discharge survival and GOS. These data provide added evidence that timely hemodynamic resuscitation in the PH and ED locations benefits children with severe TBI.
Although the primary impact TBI dictates the outcome in some pediatric patients, many patients die of secondary injury caused by increased intracranial pressure (ICP), severe multiple trauma, or presence of hypotension, hypoxia, or hypercarbia.
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Because children have an increased incidence of elevated ICP and more frequent association of TBI with multiple trauma including subsequent hypotension, hypoxia, and hypercarbia, secondary insults are extremely important to prevent and treat expediently. Therefore, early (PH and/or ED) hemodynamic resuscitation aimed at preventing secondary injuries can have a significant effect on outcomes. Our findings show that there should be continued efforts to reduce delayed treatment of hypotension in children with severe TBI. In this study, timely treatment of hypoxia occurred consistently, suggesting that the focus may need to be prevention of hypoxia after severe pediatric TBI.
The previous single center study of Zebrack et al 12 documented an early (PH and/or ED) hypotension rate of 39% and an attempt to treat rate of 48%. In the current multicenter study, hypotension occurred less frequently (26%) and the early treatment rate with isotonic crystalloids was significantly higher (92%) than previously reported, possibly suggesting better hemodynamic resuscitation and higher adherence to evidencebased guideline care over time. 10 Data from our study show that the frequency of hypotension is higher in PH location compared to the ED. This may speak to either the complexity of care required immediately after injury or to needed improvements in PH care. In this study, we specified timely treatment of hypotension during early care as treatment within 30 minutes of a documented hypotensive/hypoxic episode, and although this may not be the optimal benchmark for time, it gives us a starting point to examine time as an important metric for hemodynamic resuscitation in this group of patients. Few patients in our study did not receive timely treatment during early care. Although the reasons for this are not known, explanations may include paucity of resources, delayed recognition of hypoxia or hypotension, or competing priorities during the early care of these patients.
Most of the children with hypotension received intravenous fluids followed by blood products and vasopressors, consistent with the 2003 BTF recommendations on priorities of treatment during early care. 10 Less than 37% of included patients received blood products or vasopressors during early care, and although this may be consistent with best practice, these data also suggest an opportunity to study timing of adjunctive resuscitation strategies to achieve timely hemodynamic resuscitation in these patients.
Although the 2012 BTF guidelines do not include a recommendation on early resuscitation in severe pediatric TBI, there is level III evidence supporting a minimum cerebral perfusion pressure of 40 mm Hg. 11 Because ICP is not commonly monitored in PH and ED settings, achieving SBP targets become important to helping maintain cerebral perfusion pressure. As this study suggests, timely hemodynamic resuscitation of these patients during early care may be critical to ensuring timely cerebral hemodynamic resuscitation that may positively impact outcomes.
Our study has some limitations worth discussing. First, this is a retrospective analysis and we relied on recorded data. We could not examine the patients who died within 48 hours of admission to ICU as they did not satisfy the inclusion criteria of the parent PEGASUS study, which might have led to us excluding patients with non-life-sustaining trauma in whom early and timely resuscitation may improve outcomes. We could not sufficiently examine the relationship between vasopressor choice and outcomes. As all of our patients received treatment for hypoxia, we could not examine the effect of timely treatment of hypoxia on outcomes. There were only few children in the reference No timely treatment refers to treatment provided but beyond 30 min of episode occurrence. *All models adjusted for age, sex, head AIS score, motor GCS score, and maximum non-head AIS score.
group (who did not receive timely resuscitation), but we wanted to examine potential role of timely treatment in clinical decision making and hence generate preliminary data on this topic. There may be residual confounding by patient or treatment factors, despite adjusting for potential confounders. Despite these limitations, this is the first study to examine the association of timely resuscitation during early care on outcomes among children with severe TBI.
In summary, the burden of secondary insults such as hypoxia and hypotension remain high among children with severe TBI. Yet, our study shows that timely hemodynamic resuscitation during early care is important and associated with better discharge outcomes. Achieving hemodynamic stability within the first 30 minutes of a documented episode in the PH or ED locations may also help achieve better cerebral hemodynamic conditions with downstream higher discharge survival and better neurological outcomes among children with severe TBI.
